Lecture 2
Protein Structure and Function,
Carbohydrates

Protein Structure and Stability /
Ligand Binding
Proteins as enzymes (PKU disease)

a r b O h yd rate o Pmbley Color Scheme:

red - oxygen
gray - carbon
yellow - sulfur
hydrogen - white

¥ Prior to lecture 3, please review the lecture material on D

Commands

/ introduction to nucleic acids (slides and video link ! e

right mouse - Jmol
e

posted on course web site)

@®@white O gray OLtblue Oblack []Spin [[] Zoom
+/- Hydrogen

+/- Sidechain
+/- Residue Labe!
Note: In all of these structures all of the residues are labeled "LIU" (Look It Up). You will
have to compare sidechains structures to identify the amino acid.
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Molecular Interactions

[AD) o/

-

Exp — (Ea+Ep)~Eaus

l»!Electrostatic interactions (in water)

vVan der Waals: D,ip_d_e,—D@’Ie
“Van der Waals: Induced-dipole

1/24/2025

The energy change when two things come
together can be approximated to be due to
new inter-molecular interactions: E, 5.

Energy (kJ/mol)

Full charges

Perm. partial charges
Induced partial charges
Electrostatic + e sharing

~————

~5 kJ/mol/single interaction
~0.05 kJ/A? x 100 A% = 5 kJ/mol for 100 A2

~0.02 kJ/A?x 100 A2=2 kJ/mol for 100 A2
~20 kJ/mol gross
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iv) Hydrogen Bonds g X A e - k vy
« H-bonds are primarily (90%) % g | | \g 5 ” / e
an electrostatic attraction !‘l—tl 0.9 N —H e 0= S W%
between: 3.0 21 - W
- Electropositive hydrogen, / 33‘ / T ’(\,( Aot 7
attached to an °® O—H 1.4 , 2 —p \b /
electronegative atom is 3.5 2.1 0>° a /
the hydrogen bond donor \9,;1" g - &°
(i.e. NH). Ao QJf o'V 0
« Electronegative hydrogen _ ‘ﬁ'( ° S
bond acceptor (e.g. the o A\ ALVV( J‘y W
lone pairs of oxygen, or K Y - ; .
C=0 group of an amide). — { 5~ GM}"‘J
A “bond” implies electron sharing — - b o,i”l

about 10% of the electron is shared
from one molecule to the next in the
case of H-bonds

[Note that the proton is NOT transferred to the

acceptor, it remains covalently bonded to the
donor atom. The Hydrogen Bond is the
Interaction between the X-H donor and
Lelectronegative acceptor.

1/24/2025

« The energy released when an H-bond forms depends on

the distance and angle of the bond. ﬂ

« Usually hydrogen bonds are exchanged, resulting in

small net energy differences: De - c\'
bw.) x'
H £¥° / AC s/
p )1l H=—N T O mii H—N\
H — '
e

&S "
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How to Identify Hydrogen Bond Donor and Acceptors

Exceptions, N in a delocalized system:

« Wil not accept from above or below the plane of the(/? o 0
system, because the lonepair is delocalized. ‘

« Can accept in the plane of the ring if there is no
attached hydrogen, via lone pair in sp2 orbital

i

sp? I

sp® I

1s 1s

N — 7 electrons

Ve

Sp2
Sp3

Hybrid orbitals are a mixture of atomic orbitals.

Nitrogen can form two types of hybrid orbitals,
sp3 (tetrahedral geometry) or sp2 (planer) + pz

L«
5,8 I

1/24/2025

t-f'

.
PN A°
H/-N\/H\ N ;/

Sp2 is used in amides,
allowing favorable overlap of
the full pz orbital with the pz on
Cand O

The lone pair in the pz is
jt !hared with the pz electrons
on carbon and oxygen.

A

Hi.... N ..... wiH O ;Qb
I \\C"‘"'Iu
& P

« Sp3is used in ammonia,
keeping the three
hydrogen atoms as far
from each other as
possible. The fourth sp3
orbital is full with two
electrons (lone pair).

* The lone pair is an
excellent acceptor.

Drugs and Disease S2025 - Lecture 2
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Due to electron sharing, there
is only a slight neg. charge and
the group does not accept an

11
1 UUIIU

0 0™ 00\

(a)

* Nitrogen in rings

with three bonds ‘ Q%
can accept in the

i /
plane of the ring e L

duetoafiled R~ )
lonepair orbital.



1. Indicate which atoms could donate an H-bond and which could accept and H-bond
N \ /‘& w,;é‘b’
° W
AE >
%ﬂ ;"

©
\

~ 1(F)

) N 2 CquH) >< > -
T Q (6 W
% H 4(NH) o >
%)f n /5 (C=0) £ e
o (7 T\ H /60) X 7
/\g /7 (O-H) v —
0\.
‘&
Can you?

|dentify groups that can donate or accept hydrogen bonds?
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Relative Energy of Interactions \(,‘o&
Covalent Bond Electron sharing
( Electrostatic interactions (in water) Full charges
VdW - Dipole-dipole (Keesom) Perm. partial charges
VdW — Induced dipole (London) Induced partial charges
H-Bonds Electrostatic + e sharing

1/ How does the energy of the last four interactions

bonds?
1. Stronger @ 3. The Same
#of

2 Which of these are closer to thermal energ 2.5 kJ/mol @ room Molecules

mp.

E T ms P, \L(
5 \

(A@Lrlg_r@_ggnlflcant molecules with enough energy(at r room tempe@ 7 $ Energy Z ‘[/‘)
0 break the interaction? ' [m&

/‘r\r\gfﬂ\ a—:\m —N b(?ﬁ-\b V&V‘) ‘{&NK(A v d“&’l 6
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Proteins and Amino Acids

SUBUNIT

= ,"‘A ,,"‘ ‘ f"u .
polysaccharide

protein

- WM I e B M . I W

B 4R - -

nucleic acid

nucleotide
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Primary - sequence of
amino acids, no 3D

>> >»>

structural information
Secondary - local valine 4 "
condary structure

to
structural elements, only
primary structure [/ se

x A
=~ -
——N -
L .

mainchain atoms involved
Tertiary - 3D position of all
atoms, functional form of
many proteins.
Quaternary - multiple
chains — multiple chains
often required for function.

represent two
different chains)
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MEMBRANES

Calls wre urrousded by « mersbease mude of Bpids, Ms che prosphoispid and chebeasersl madecuben shamwn a1 the t0p. Mersbessen keop che cellular

machinery inside md wnwaniod mmeri] cut. Mosay proceits a7 mbedded in (s menbrane. performing 2 varily of ceeial taske. ATP wathas » o

Hogiod emtary pmeresen Sha pandioou AVY (adavasios trphosphse, ' sondl vl e fa prmetig . Thw o g smoplons b 4

powees ATP sy, and i siny proteia cviochorm: < stantdes doctrons bewevn thera. Riodosein b fovad in memboase in the sctine
bl e o i gen shase s dssiaind i dhe sumissding pectnn o e 3 ol s s i Comergenses Ll ans of e

however. s bleched by i mleualzs of apiein, sown immids i whisc. Al the boi-

toem e trree mmolaaben 1avolved in, phetamathena. which capmse encegy froes light 15 tme it 13 powe: the matiems of smga: <» plant cels

iwing colls are filled with complex moleculsr machinery, a miflion
times smaller than familiar machines like computers or auto-
mobiles. Cells use these tiny molecular machines to perform all of
the jobs needed for life. Some are molecular scissors that cut food into
celbsized pleces. Some bulld new molecules whea cells grow or when dam-
aged lissues are repaired. Some are molecular bones and muscles that
support celis and help them move and crawl. Some fight off attackers,
defending against Infection

mmm-ﬂmummm molecules and determin.
ing ise atomic structures. These structures are available on the
the Protela Data Baak (http://www.pdd.org), the central
structures. A few of the thousands of struc-
held in the Protein Data Bank are shown bere. In
 pictures, the molecules are all drawn at a magnifi-

of 3,000,000 times, and each atom s shown as 2
Jsphere. Many of these structures are composed of
bt subunits, which are indicated by difforent colars,
jormous range of sizes is shown here: the water mol-
only threc atoms and the rhinovirus shown below has

208 g i ol wostrs vl ot g it
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'l OUTSIDE THE CELL
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DNA
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The Structure of Amino Acids and Proteins ‘((b'{ |

« The amino group, Ca (ano “hydrogen), and the carbonyl
group are common to all amino acids

« The N-Ca-C=0 are the mainchain of the protein polymer.

« The R groups are different —there are 20 common R groups
they are the sidechain of the protein polymer — their

sequence defines the properties of the protein.

(a) Polypeptide chain Amino acids joined by peptide bonds

N-terminus C-terminus

O FE ] O | N O s
H-N-C C N C C- N C C N CC N CC N C C N C C N CC 0O gonlt(isd
A | | SR | | ¥, asshong
i H H CH, (l‘,H2 ,tfﬂg;-» CH, CH, <|:|-|

Amino OH ] O/c\\ HC  CH, SH  Carboxyl
group ) 0 group
Side chains OH

1/24/2025 Drugs and Disease S2025 - Lecture 2

&

Is there a chiral carb}zn on amino acids?
]

f L-amino acids.

Proteins consist exclusivel
(as does the ribosome that make them)

10



Primary Structure
e Amino acids are joined together to form linear polymers by

D
the formation of a peptide bond between the carboxyl of _ .
one amino acids and the amino group of the next. (eline 2Ly
e This reaction releases water. a dehydration reaction. CH3 H OH
e The peptide bond can be broken (lysis) by the H
addition of water = hydrolysis H, N/"' C|3 o
Incorporated amino acid is called a residue (atoms are /ﬁ
lost when the peptide bond is formed). H3C”H CH;
Polarity of chain direction — amino (N) terminus to ‘_J\
carboxy(C) terminus = order of amino acids = CH3 i Glycine (Gly, G)

H
_ i c: _0- ‘—

sequence = primary structure c | ij\H)N/ \(
Mainchain (or backbone) — linear atoms of the polymer H,N7H ~ 0 \H _

Sidechain — atoms off the Ca carbon

Primary Structure — Expectations

e Draw chemical structure given the sequence.
e Determine the seq. from chemical structure.
¢ Distinguish/identify:

o Mainchain & Sidechain atoms,

o Residue = aa in polymer,

o N & C terminus,

o Peptide bond(s).

172472025 Drugs and Disease S2025 - Lecture 2 |\\ ’[ /—/—"‘b C/ 11
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Sidechain Functional Groups Affect Behavior
(and the order Is important)

(a) Polypeptide chain Amino acids joined by peptide bonds

QuUS " / - l - ' 2 3 \ . C+terminus

O HH O HH O HH O H H

N ORIl IR i -
—C—N—C—C—N—C—C—N—C—C—N—C—C—

(|>H c|:|-| <|:|-| <|:|-| backbogle
2 2N £ e =.
HC  CH, SH Carboxyl
0 group
Side chains OH

Sidechains (R-groups) differ in their size, shape, reactivity, and interactions with water.

1. Nonpolar Sidechains: hydrophobic; do not form hydrogen bonds; coalesce in
water - typically form the core of folded proteins.

2. Polar Sidechains: hydrophilic; form hydrogen bonds; readily dissolve in water

3. lonizable Sidechains: Can be charged at certain pH values. Interact strongly
with water.

Drugs and Disease S2025 - Lecture 2
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‘ Amino Acids — Structure and Properties

CH
H @ CH3
M HzN"  COOH H,N~ ~COOH
Glycine (Gly, G) Alanine (Ala, A) Serine (Ser, S) Threonine (Thr, T)
MW: 75.07 MW 89.09 ' K ~16 MW: 119.1, pK_~ 16
——— st
¢

(

HzM COOH “

Cysteine (Cys, C) AN C, L
MW: 121.2, pK,=8.18 6 -

(=]
g QWH
HaMN COOH HaM COOH
z z 2 H Hydrophob|C|ty t,\aur\
= Isoleucineg (lle, 1) Methionine (Met, M) Proline (Pro, P)
MW 131.2 MW 149.2 MW: 115.1 (_ Isoleucing, ) Fighly hydrophobic
Valime »~
lonizable sidechain \“'
gbx Leucine 6
Phenylalanine
Methionine
Alanine Moderately hydrophobic
HaN” COOH HaN~ ~COOH HzN = HN- COCH Glycine
Phenylalanine (Phe, F) Tyrosine (Tyr, Y) Tryptophan (Trp, W) ic Acid ( Glutamic Acid (Glu, E) Cysteine ¢ \Q)
MW: 165.2 MW: 181.2, pk,=10.46 MW: 204.2 MW: 133.1, pK_ MW: 1471, pK, = 4.07 i q '
E ryptophan ,\
HoN Nl-2+ Tyrosine . 2
. . . . . MH T o~ . Mildly hydrophobic pe
Holar sidechai lonizable sidechains( o i
— . (/ o Threonine
AN S+ Serine
T
/( Histidine
i ,p[ Glutamate 3 i
Mildly hydrophilic
HaN~ "COOH HaN~ "COOH HaN™ COOH COOH + HE“ Asparagine
Asparagine (Asn, N) Glutamine (Gln, Q) Histidine (His, pt Lysmf: (Lys, K) Arginine Arg Glutamine
MW: 132.1 MW: 146.1 MW: 155.2, pK, @ MW: 146.2, pK_ =(0.79 MW: 174.2, pK o \o.\f
% 1>
Lvsin
Argii Highly hydrophilic
1/24/2025 Drugs and Disease S2025 - Lecture 2 13



Secondary Structure

o
“Building blocks of proteins” )

Hydrogen bonds between the mainchain d~
carbonyl group of one amino acid and the
mainchain amino group of another form a
protein’s secondary structure.

— A polypeptide must bend to allow this
hydrogen bonding, forming:

* a-helices
* B-pleated sheets

General Rule for Hydrogen Bonds:
X-H Y
X & Y are electronegative (N and O usually)

The | fh |
e large number of hydrogen bonds in a X-H = Donor of the hydrogen bond

protein’s secondary structure increases its

stability - each hydrogen bond that is formed Y = Acceptor of the hydrogen bond
releases some energy. o Mainchain hydrogen bonds

All amino acids can be incorporated into either — —
secondary structure “N-H W O=C S
(However, some are found more frequently in s N

one structure) The NH is the hydrogen bond

oo

The C=0 is the hydrogen bond
| ﬂ_uf’?




Alpha Helix I
\ . O

amino acid
side chain

a helix

Ea
&

(©)

F o

(R) (B)

Spiral conformation (helix) in which every
backbone N-H group donates a hydrogen
bond to the backbone C=0 group of the amino
acid four residues eatrlier:

‘/Intra-strand H-bonds, parallel to helix axis.

/Side-chains project outwards.



amino acid

hydrogen side chain

bond

B sheet

« Beta-Strands connected laterally by backbone
hydrogen bonds that are perpendicular to the
strand, forming a generally twisted, pleated
sheet.

« Sheets can have two or more strands

« Side-chains:

» project up and down along a strand.
* project in the same direction going from
strand to strand across the sheet.




Tertiary Structure - Location of Residues in Globular Proteins

Red - amino acids with
neg. sidechains (e.qg.
Asp)

Blue - amino acids with
pos. sidechains (e.g.
Lys)

Yellow — amino acids

“with polar sidechain
(e.g. Asn)
Green - amino acids
“with hydrophobic
side chains (e.qg.
Leu)

< N
Amino

(Surtace (3))
~Charged yd
/Polar v
Non-polar {0Q Y, 03
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e Protein Stability:

g _*3 N ’ g’x ' ,,.‘. 4 . .
H-bonds | " ‘l it "" Chain disorder
van der Waals P = B -

5 «

. Removal o
of Heat

original conformation
of protein re-forms

denafured
protein

purified protein
isolated from celis

« Often, unfolded protein aggregate, which prevents
refolding.

1/24/2025 Drugs and Disease S2025 - Lecture 2 18



Unfolded Polypeptides Are Flexible — High Entropy

stablllzes the Unfolded state ) o,

Energy an Entropy

Exposureto
High Heat

purified protein denatﬁred
isolated from cells protein

One of the nine
amino acids in
this polypeptide -

Carboxyl 6 U‘)
_group 91)

]
B - . C
. B Nd -.|Polypeptides flex because groups ?/w
C . on either side of each peptide bond
C (' can rotate about their single bonds \( M
s

1/24/2025 Drugs and Disease S2025 - Lecture 2 19
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Hydrogen Bonding Stabilizes the Tertiary Structure

2ndy Structure

Y

hydrogen bond between
atoms of two peptide
bonds

backbone to backbone

3% Structure

hydrogen bond between hydrogen bond between
atoms of a peptide two amino acid side
bond and an amino chains

acid side chain

backbone tofside chai

Drugs and Disease S2025 - Lecture 2

Hydrogen bonds form
between hydrogen atoms and
the carbonyl group in the
peptide-bonded backbone —
secondary structure

Hydrogen bonds are also
found between hydrogen and
electronegative atoms in side
chains (sidechain-sidechain)

Sidechains can form hydrogen
bonds to the mainchain too.

20



Van der Waals (VdW) interactions Stabilize the Folded State

VdW are weak electrostatic
Interactions between side chains
due to temporary (fluctuating)
charges.

Attractive from long distance

Distance at lowest energy is at the
van der Waals radii of the atoms.
Optimized in the core of folded
proteins by “knobs fitting into
holes”

Strength proportional to contact
area.

van der Waals attractions

valine

alanine

1/24/2025

Interaction enargy (cm™ )

Chance charge
separation

- +
= ‘ I Fluctuating
- dipole
- +

A second
molecule

/Charged separation

induced by
first molecule

100

[11]
=

=

|
wh
=2
""-\
H“-_
'\.x

3.0 4.0 5.0 6.0 7.0 8.0
k(&)

(ol =5 Lol /Pa.du—pl ) 3}%,\3 NP

Drugs and Disease S2025 - Lecture 2
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Hydrophobic Interactions are Ciritical for Stabilizing the Folded Structure

Energy and Entropy

Ordered water
hydrating a non-polar

Hydrophobic interactions within
a folded protein increase stability
of the folded protein by releasing
the ordered water that surrounded
exposed non-polar groups in the
unfolded protein. Folding
Increases the entropy of the water
— favorable.




Fold Depends on Amino Acid Sequence

The position of non-polar residues (filled circles) mostly affects the final fold:

g(b\d' Polar Non-
N polar
v \ 0900
>

Which is more stable fold? utf"\b

) A\
C
Which is the least stable fold? | @
R UOJ‘Q- (% % y o= |
_— o a5 looe 258 ¢
s 0&’ ‘
W

Why? 5
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Disulfide Bonds Stabilize Some Proteins Outside the Cell (and body)

& \é . OXIDATION

CH, E—
| -—
SH REDUCTION

Trypsin — a digestive enzyme
produced in the pancreas, exported
to the small intestine — disulfide
bonds within a single chain.

Human Insulin —
Interchain
disulfide bonds



Summary - Interactions that Stabilize
Folded Proteins. 4

Hydrogen bonds form between hydrogen

atoms (NH) and the carbonyl group in the

peptide backbone (mainchain), and between \}
and donors and acceptors on sidechains.
Mainchain-mainchain H-bonds are responsible
for secondary structures.

Hydrophobic interactions within a protein
increase stability of the folded state by
increasing entropy due to the release of water
that was ordered by the exposed non-polar
groups in the unfolded protein.

van der Waals interactions are optimized in
the well packed core of the protein.

Covalent disulfide bonds form between
sulfur-containing cysteine residues stabilizi
them (usually only exported, secreted
proteins).

1/24/2025 Drugs and Disease S2025 - Lecture 2 25
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